Background: The present study was undertaken towards the development of SSR markers and assessing genetic relationships among 32 date palm (Phoenix dactylifera L.) representing common cultivars grown in different geographical regions in Saudi Arabia. Results: Ninety-three novel simple sequence repeat markers were developed and screened for their ability to detect polymorphism in date palm. Around 71% of genomic SSRs were dinucleotide, 25% tri, 3% tetra and 1% penta nucleotide motives. Twenty-two primers generated a total of 91 alleles with a mean of 4.14 alleles per locus and 100% polymorphism percentage. A 0.595 average polymorphic information content and 0.662 primer discrimination power values were recorded. The expected and observed heterozygosities were 0.676 and 0.763 respectively. Pair-wise similarity values ranged from 0.06 to 0.89 and the overall cultivars averaged 0.41. The UPGMA cluster analysis recovered by principal coordinate analysis illustrated that cultivars tend to group according to their class of maturity, region of cultivation, and fruit color. Analysis of molecular variations (AMOVA) revealed that genetic variation among and within cultivars were 27% and 73%, respectively according to geographical distribution of cultivars. Conclusions: The developed microsatellite markers are additional values to date palm characterization tools that can be used by researchers in population genetics, cultivar identification as well as genetic resource exploration and management. The tested cultivars exhibited a significant amount of genetic diversity and could be suitable for successful breeding program. Genomic sequences generated from this study are available at the National Center for Biotechnology Information (NCBI), Sequence Read Archive (Accession numbers. LIBGSS_039019).
Date palm (Phoenix dactylifera L., 2n = 36) is a dioecious perennial fruit plant, belonging to the family of Arecaceae (Coryphoideae) [1] . It is the most important fruit crop of arid climate region in North African and Middle East in general and in Saudi Arabia in particular. It is a traditional crop in Saudi agriculture, most of the yield is locally consumed, and most Saudi dates are recognized as high quality products. It ranks among the top fruit trees in terms of the number of trees, area and production (approximately 23.7 million trees, 156 thousand hectares and 992 thousand tons) [2] . More than 400 Saudi date palm cultivars have been characterized based on tree morphology and fruit characteristics [3] . Some date palm orchards under Kingdom of Saudi Arabia conditions were planted with seeded palms. The selection of superior palms from these seeded plantations depend on the evaluation of the morphological characteristics and fruit physical and chemical properties as a start point for developing date palm orchards. However, morphological traits are often variable influenced by environmental conditions or varying with the developmental stage of plant [4] . Furthermore, molecular markers based on polymorphisms at DNA level, are used to assess genetic diversity in date palm. Several DNA based techniques are used such as Random Amplified Polymorphic DNA (RAPD) [5] , ISSR, [6, 7, 8] combination of RAPD and ISSR [9, 10, 11, 12] , Amplified Fragment Length Polymorphism (AFLP) [13, 14, 15, 16, 17, 18] .
The genome size of date palm is estimated to be approximatelycultivar identification and marker assisted selection. Microsatellites or simple sequence repeats (SSR) have been widely used in many crops, due to their abundance, high degree of polymorphism, locus specificity, reproducibility, and most of all, they are a co-dominant in nature. These make microsatellites an attractive option for genetic studies in date palms. Sixteen (GA)n SSR markers have been developed and used to analyze Tunisian [20] and Sudan [21] germplasms. Further, 17 microsatellite loci were developed by constructing two microsatellite-enriched libraries of date palm using (GA) n and (GT)n repeats [22] . Microsatellite markers have been used to assess the genetic diversity and relationships of date palm varieties in Tunisia [7, 23, 24] , in Oman [25] , in Qatar [26, 27, 28] , in Iraq [18, 29] , in Morocco [21, 30] , in Libya [31] and across regions [32] or different Phoenix species [33] . Recently, the Cornell Medical College in Qatar published assembly of the date palm genome 'Khalas' generated by whole genome shotgun next generation DNA sequencing [19] . One thousand microsatellite motifs across the date palm genome were analyzed [29] . GA (48.7%) followed by AT (37%) were most common type of dinucleotide repeats. TAA and GAA were the most abundant trinucleotide repeats (28.1 and 27.1%, respectively).
This study aimed towards the development of new set of SSR markers for P. dactylifera, defined their variability parameters and used these SSRs in assessment of genetic variation for some Saudi date palms.
Materials and methods

Tissues collection, DNA isolation, purification and quantification
For microsatellite development total genomic DNA was extracted from young fresh leaves of Saudi date palm cultivar (Sukary) according to SDS protocol as described by Al-Faifi et al. [34] . For genotyping, total genomic DNA was extracted from leaves of 5 plants/each cultivar grown at Agricultural Research Station in Dirab (24°:42 N, 46°:44 E, Alt. 660 m a.s.l). List of date palm cultivars analyzed in this study, their geographical distribution, Tamar color and maturity class grown at the station date palm gene bank are presented in Table 1 . DNA concentrations were measured spectrophotometrically at 260 nm, and the extracts were electrophoresed on 1% agarose to confirm the quality. The purified DNAs were standardized at 100 ng/μl and stored at -20.
Development of date palm simple sequence repeat enrichment library
A microsatellite-enriched library was obtained using adapted protocols from Karagyozov et al. [35] and Billotte et al. [36] with modifications. 10 μg of DNA was restricted with several combinations of restriction enzymes: EcoRI, HaeIII, HaeII, MseI, RsaI, BglII, EcoRV and HinfI (New England Biolabs, USA). Fragments were end polished by Mung Bean Nuclease and dephosphorylated using alkaline phosphatase (CIAP). SNX reverse primer (GCT TCT GCT AGC AAG GCC TTA GAA AA) was ligated as a linker and pre-amplification was carried out using linker-specific primers for confirmation of ligation. Two complementary oligos were combined (GA15 + TC10, GT15 + AC9, ACA10 + TTG6, AGA10 + TTC6) and PCR product was precipitated and cleaned up with one round of chlorophorom:isoamylachohol, then with ethanol precipitation. For each microsatellite motif to fish, 5 μl of long microsatellite probe were pipetted to the (5 × 5 mm) nylon membrane and cross linked onto UV source for 2-3 min, then washed in 0.1× SSC at 65°C for one day. The membranes bounded microsatellite motifs that are already to the (GA, GT, ACA/AGA, ACT/ATC, and ACCT/ACTC/AAAAC) were hybridized following Fischer and Bachmann [37] . After last washing, the membrane was transferred in 220 μl of sterile dH 2 O and caught fragments were eluted at 98°C for 5 min. PCR amplification quality was checked on a 1.2% agarose gel and PCR reactions were cleaned using Sephadex G-50 chromatography.
Cleaned elutions of the SSR motifs were used for TA cloning using pGEM Easy cloning kit (Promega, Madison, WI, USA) following manufacturer's recommended protocol.
Transformed bacterial colonies were plated onto agar LB solid media supplemented with (100 μg/ml) carbenicillin final concentration as a selectable marker. Plasmid DNA was isolated from white colonies using the QIAprep Spin MiniPrep Kit (QIAGEN. Hilden, Germany). Eluted plasmids were subjected to sequencing. The sequencing reaction was carried out in 10 μl total volume, 0.5 μl mini prep. plasmid DNA, 1 μM T7 primer, 1× sequencing Buffer, 1 μl ABI BigDye terminator v3.1 and 6 μl Milli-Q water. The 40 cycle sequencing was 1 min at 96°C, 20 s at 96°C, 30 s at 50°C, 4 min at 60°C, and sequencing reactions were EtOH precipitated. Samples were sent to the sequencing facility at Lujubljna University (Slovenia). Sequences were viewed; vector trimmed and edited using Codon Code aligner software.
Genomic SSR primer development
CodonCode aligner software (CodonCode Corporation, Dedham, MA, USA) was employed for base calling and vector removal. Sequences were assembled according to the TIGR Plant transcript assemblies' database [38] . To check the efficiency of our methodology of catching date palm SSR motives, we sequenced 192 bacterial colonies randomly selected from enriched library. 133 sequences were of good quality for further SSR primer development using BatchPrimer3 software [39] . Out of 133 input sequences we were able to pick 93 putative SSR primers. 71% 0f them were dinucleotides, 25% were trinucleotides, 3% tetra and 1% penta nucleotide motives.
SSR marker validation
The 93 microsatellite primers were tested on a panel of eight randomly selected DNA samples from date palm cultivars. Results indicated that the primers had the ability to amplify the date palm DNA and detect good allelic amplification for all the markers across the tested cultivars. Twenty two of the genomic primer pairs were randomly selected and labeled to screen all date palm cultivars. The PCRs were performed in 20 μl reaction volume containing 1 × GoTaq green master mix (Promega Corporation, Madison, USA), 0.1 μM from each forward and reveries primers, 50 ng DNA template and nuclease-free water to 20 μl. The thermal cycler profile for PCR amplification was set on a TC-5000 thermal cycler (BIBBY Scientific -UK) as follows: an initial denaturation of 5 min at 94°C followed by 35 cycles of 45 s at 94°C, 45 s at the proper annealing temperature 55°C; 60 s at 72°C followed by 30 min at 72°C for final extension. One microliter of the PCR amplified product was diluted 1:40 and mixed with 0.5 μl of the GeneScan 500 LIZ size standard (Applied Biosystems) and 8.5 μl of Hi-Di formamide (Applied Biosystems). The mixture was denatured and loaded on 16-capillary system of the Applied Biosystems 3130xl Genetic Analyzer. A 36 cm capillary array (Applied Biosystems) and 3130 POP-7 polymer (Applied Biosystems) were used.
Data analysis
Fragment analysis was performed with GeneMapper analysis software v3.7 (ABI). The Jaccard similarity matrix was used for cluster analysis using the unweighted pair group method arithmetic average to study the genetic relationships among the cultivars [40] . These coefficients were used to construct dendrogram using the unweighted pair group method with arithmetic average (UPGMA) and the robustness of internodes was assessed by bootstrap analysis with 100 replicates and principal coordinate analysis (PCoA) was performed. Analysis of similarities (ANOSIM) was used to test the significant levels of the groping patterns in PCoA coordinates. Function ANOSIM operates on a dissimilarity matrix using the PAST program [41] . For each primer pair, Microsatellite-Toolkit for Excel [42] was used for estimating mean number of alleles, (Ho, He) observed and expected heterozygosities [43] , polymorphism information content (PIC) according to Botsteinet al. [44] , power of discrimination was calculated with the formula PD = 1 -∑g i 2 , where g i is the frequency of the ith cultivar [45] . The genetic diversity was also estimated by the F-statistic of Wright [46] (F IS , F ST , F IT ) and the analysis of molecular variance (AMOVA) by using GenAlex 6.5 software [47] . The cultivars were grouped and analyzed according to three ways of grouping. The first analysis was according to geographical distribution of cultivar where the regions were divided into east, west, north, south and middle with distances among regions that exceeded 500 km. In the second analysis cultivars were grouped according to date of maturity and were divided into three groups: early, mid and late season maturity groups. The fruit color was the third group and were divided into (brown group included yellow and golden brown, dark group, dark brown group included dark red and maroon group included reddish brown).
Results
Constructing genomic libraries of P. dactylifera enriched for GA, GT, ACA and AGA repeats resulted in hundreds of clones containing SSR loci. Of the 192 clones sequenced from the libraries, 133 were of good quality for further SSR primer development gave sequences contained dinucleotides, trinucleotides, tetranucleotides and pentanucleotides. In forty out of 133 unique sequences, regions flanking the microsatellite were ambiguous or too short to allow designing of suitable PCR primers. As a consequence, primers were designed for 93 of these loci, 71% of them were dinucleotides, 25% were trinucleotides, 3% tetra and 1% pentanucleotides. These primers were tested for amplification and polymorphism on a set of 8 date palm cultivars. We randomly selected 22 primers and they were labeled to amplify the 32 date palm cultivars ( Table 2 ).
The 22 genomic SSR primers generated a total of 91 alleles, all were polymorphic. The number of alleles varied from 2 (KSU-PDL39) to 6 in (KSU-PDL4 and KSU-PDL21) with a mean of 4.14 alleles per locus. Expected heterozygosity per locus ranged from 0.508 for the KSU-PDL73 to 0.823 KSU-PDL4 with an average of 0.676. The highest values for observed heterozygosity was 1.00 recorded for KSU-PDL2, KSU-PDL3, KSU-PDL4, KSU-PDL5 and KSU-PDL6 while the lowest value was 0.286 recorded for KSU-PDL58 with an average of 0.763.
The average value of PIC for the primer sets was 0.595, ranging from 0.373 for KSU-PDL39 to 0.783 KSU-PDL4. Most primers showed PIC values greater than 0.5, therefore, these primers have power for analyzing the genetic variability of date palm cultivars. PD varied from 0.062 for KSU-PDL4 to 0.938 for KSU-PDL73 with an average of 0.663. The variability parameters for 22 polymorphic loci are presented in Table 3 .
Pair-wise similarity values ranged from 0.06 to 0.89 and the overall cultivar similarity showed an average of 0.41. The maximum similarity index (0.89) was recorded between cultivars Sullaj and BintZamil and the minimum value (0.06) was recorded between Kashkash and Anbarah.
The UPGMA cluster analysis of the cultivars based on genomic-SSR data exhibited weak clustering relationships, except for two cultivars, Sullaj and Bintzamail (bootstrapping value 93), two major groups were formed (with bootstrapping values of 5 and 10) and genetic similarity coefficients ranged from 0.25 to 0.88 (Fig. 1) . Although, weak bootstrap supports were revealed for branches separating cultivars from the same geographical distribution, Cluster 1 contained seven cultivars of Quatarah, Hatmi, Wannana, Ruzeiz, Anbra, Halawa and Rushodia, all classified under the class of mid-season maturity cultivars regardless of their geographical distribution or fruit color. Cluster 2 was further subdivided to subgroups that compassed the 25 cultivars. In the Subcluster 1 cultivars grouped mostly corresponding with their geographical distribution. Except for Khenaizy, and Shaishi which are cultivated in the eastern part of Saudi Arabia, Khodry, Sullaj, Meneifi, Nabtatsaif, Barhi, NabtatAli, BintZamil, and Thawee were all cultivated in the central part of the kingdom and mostly classified under mid-season class of maturity. Subcluster 2 grouped cultivars under early class of maturity have brown fruit colors which are Safri, Ghur, Sari, Ruthana and Rabeaa. Kashkash, Khalas and Sukkari cultivars were grouped in Subcluster 3 corresponding to their fruit maturity (middle maturity class) and brown fruit color. The remaining cultivars Hilali and Dekhaini grouped in Subcluster 4 while Segae and Shahel cultivars were grouped in Subcluster 5 according to their fruit color regardless of the maturity class or geographical distribution. Khesab, Wesaili and Ajwa cultivars failed to form clusters and individually separated.
Principal coordinate analysis (PCoA) was performed to validate genetic relationships among 32 cultivars (Fig. 2) . The first two axes explained 40% of the variation, where the first coordinate accounts for 25% variation, while the second axis explains 15% variation. Following the same trend of the dendrogram, weak relationships and no specific geographic relationships were obtained (R = 0.734, P b 0.001). However, PCoA showed that all samples were divided into two major clusters. Cluster 1 included the mid-season maturity cultivars regardless of their geographical distribution or fruit color, while the remaining cultivars were grouped in the second cluster. Khalas and Sukkari cultivars were separated away from the second cluster and formed Subcluster 3 in UPGMA method whereas Wesaili failed to form cluster in both methods.
Fixation indices (F IS , F IT and F ST ) were used for population differentiation for each locus ( Table 3 ). The mean values for the three parameters over cultivars were -0.132, -0.029 and 0.107 for F-statistics (F IS , F IT and F ST ) respectively. Fixation Index or Inbreeding Coefficient (F IS ) ranged from -0.779 for KSU-PDL3 to 0.578 for KSU-PDL58 locus and F IT ranged from -0.763 to 0.763 for the same loci. Six out of 22 loci showed high degree of genotypic differentiation which had F ST higher than 0.15 which were: KSU-PDL42, KSU-DPL53, KSU-PDL58, KSU-PDL64, KSU-PDL73, and KSU-PDL76.
The estimated variation percentage among and within cultivars was also analyzed by AMOVA at P b 0.05 level. The results indicated that 73% and 71% of variation were due to differences within cultivars regardless of geographical distribution and fruit colors which were much higher than the variations present among cultivars 27%, 21% for geographical distribution and fruit color respectively. The percentage was 92% among and 8% within cultivars according to date of fruit maturity (Table 4 ).
Discussion
Development of highly informative markers, such as simple sequence repeats, for variety identification and germplasm characterization and management is essential for date palm genetic studies. Saudi Arabia still preserves vast richness of date palm germplasm confirmed by a great number of different cultivars and accessions, described based on the morphological characters of fruit and seeds. To manage date palm germplasm, it should be genetically characterized, which will help in their preservation, transmit a significant genetic richness and in their exploitation.
Constructing genomic libraries of date palm (cultivar Sukary) enriched for GA, GT, ACA and AGA repeats, allowed the development of 93 SSR primer pairs used for genetic diversity analysis of 32 commercially important date palm cultivars grown in Saudi Arabia. The library enrichment procedure adopted here yielded 69% of inserts containing microsatellite repeat motifs which are higher than the average number previously reported for 71 plant species [48] . However it was 82% which was less than that by Akkak et al. [22] and Arabnezhad et al. [49] who reported 86% in date palm.
In this study twenty two highly polymorphic microsatellite loci were used to analyze the genetic variability among the most common grown cultivars in Saudi Arabia selected for their good fruit quality. High values of observed variability parameters (polymorphism %, number of alleles, observed and expected heterozygosities, Shannon's information index and power of discrimination) were recorded which confirmed that these SSR markers are useful to detect genetic variability of date palm germplasm. The average number of alleles per locus detected in this study was comparable to that scored by Ahmed and Al-Qaradawi [26] and Arabnezhad [49] . While it was higher than that from the records of Mirbabaee et al. [50] , it was lower than that previously described for Tunisian date palm germplasm [7, 23, 24] , Sudanese date palm germplasms [21] , Libyan date palm [22, 31] , Qatari date palm [27] , Morocco date palm [30] , Iraqi date palm [18] and across the genus Phoenix [20, 33] . This may be due to differences in number of microsatellites and cultivars investigated, number of DNA samples used to represent the cultivars and number of replicates used in amplification and fragment analysis in this study compared with those previously studied. A high genetic diversity was detected among Saudi date palm cultivars which was reflected in their wide range of heterozygosity values (H exp ranged from 0.508 to 0.823, H ob ranged from 0.286 to 1.000). These results were in concordance with those recorded by Hamza et al. [7] , Khierallah et al. [18] , and Akkak et al. [22] . While it was higher than that previously described by Bodia et al. [30] , Table 3 SSR locus name, number of alleles, (Ho), (He) observed and expected heterozygosities, polymorphic information content (PIC), discrimination power (PD), Shannon's information index and the inbreeding coefficient values for 22 developed polymorphic microsatellite loci in a sample of 32 date palm cultivars.
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Aberlenc-Bertossi et al. [33] , and Mirbabaee et al. [50] , it was lower than that of Billotte et al. [20] , Elshibli and Korpelainen [21] , Zehdi et al. [23] , Hammadi et al. [24] , and Racchi et al. [31] . This result probably reflects the homogeneous nature of the date palm cultivars used in this study comparing to very divergent sets of cultivars studied earlier.
Moreover, variability parameter values of KSU-PDL2, KSU-PDL4, KSU-PDL5, KSU-PDL16, KSU-PDL18_2, KSU-PDL21, KSU-PDL25 and KSU-PDL64 loci exceeded the averaged variability values of the other tested loci, which can be considered promising; and thus a high level of polymorphism is expected once a larger number of cultivars is analyzed. As a result of the number of SSR alleles revealed, a relatively higher degree of genetic variability in this study for date palm is permitted. A 100% polymorphism percentage was obtained and pair-wise similarity values ranged from 0.06 to 0.89. These results confirm that the great diversity observed probably due to mating system (out crossing), as already found in other studies [26, 30, 31, 49] . Khierallah et al. [18] reported wide genetic distance among Iraqi date palm that varied from 0.171 to 0.938, indicating diverse relationships among the cultivars. Based on the results of Bodia et al. [30] polymorphic loci ranging from 80 to 100%, (mean of 96.11%) and genetic similarity from 0.165 to 0.681 in Morocco date palm cultivars were obtained. Ahmed and Al-Qaradawi, [26] recorded a range of 0.00 to 0.75 and Elmeer et al. [27] from 0.00 to 1.00 similarity level among Qatari date palm cultivars. The mean genetic distances between Sudan cultivars and males (0.123), Sudan and Morocco cultivars (0.748), and Sudan males and Morocco cultivars (0.894) were recorded by Elshibli et al. [21] .
In this study, UPGMA cluster analysis and principal coordinate analysis (PCoA) exhibited weak clustering relationships (weak bootstrapping), which illustrated that cultivars tend to group mainly according to their class of fruit maturity and in some cases according to region of cultivation and fruit color. The clustering showed weaker bootstrapping than that of Elshibli et al. [21] , however our results were partially coincide with what [21] found, were clustering of Sudan cultivars did not follow a clear geographic pattern. Also, the effect of the pollination methods (farmers depend on few selected males for the pollination of female trees and exchanged between farmers and pollen grains of more than one male are sometimes mixed and used then for pollination in addition toexchange of propagules, which are a mix of vegetative and seed-propagated materials, is conducted between farmers) and cultivar selection on the genetic structure was clearly detected by weak clustering association that was observed for the majority of accessions originating from Sudan and Morocco as well. The results of Zehdi et al. [23] showed a high level of polymorphism with little geographic structure within 49 Tunisia accessions from three main oases. However, Arabnezhad et al. [49] found that date palm cultivars were clustered in agreement with their geographical origin and the analysis significantly distinguished African from Iranian and Iraqi cultivars. In a recent published study, Yusuf [51] used six SSRs to separate Nigerian cultivars from Saudi Arabia cultivars confirming that variation observed among the cultivars follow a geographical pattern.
The moderate to high values of F IS and F IT obtained in this study indicated a considerable inbreeding within and among cultivars, and also point towards high genetic differentiation among cultivars. values indicate an excess of heterozygotes, due to negative assortative mating or selection [52] . These results indicated considerable genetic differentiation within the 32 studied cultivars. Generally; higher level of genetic diversity may result from larger populations, geographic distribution, and the number of sampling and biological traits [53, 54] . Here, five populations were widely distributed in five regions, where there is more than 500 km between their geographic distances. Gene flow is limited by big geographic zone which induces higher genetic variation within populations. In a study of Zehdi et al. [55] , using ISSR markers to assess genetic diversity among a set of Tunisian date palm varieties, concluded that since all date palm ecotypes originated by hybridization, it may have a common genetic basis. Nevertheless, varieties diverged from others by mutational events that arise during selection and hence, accession grouping in relation to their geographical origin is not well defined.
The association between morphological and molecular analysis was also studied. Hammadi et al. [24] detected a significant positive correlation between the SSR data and fruit consistency but not with the maturity. He concluded that using microsatellite markers with high polymorphism supported cultivars clustering according to their fruit traits. However, Hamza et al. [7] showed that distances based on quantitative morphological traits were not correlated with genetic distance.
The result of this study also coincides with that of Srivashtav et al. [11] who detected good associations between molecular using ISSR and RAPD data and some date palm fruit traits where early maturing cultivars with red fruits and high resistance to rain water formed one subcluster and late maturing with yellow fruit and medium resistance to rain water formed the second subcluster.
Genetic diversity indicates good potential for further improving the agronomic and commercial characters of date palms [21] and for allowing them to adapt to new environments and to climate change [56] . The genetic diversity seems to be high in Saudi date-palms. This could be attributed to the dioecious nature of this crop. The high level of diversity is expected because of the unique mechanism responsible for generating SSR allelic diversity by replication slippage. Replication slippage is thought to occur more frequently than single nucleotide mutations and insertion/deletion events, which generated the polymorphisms detected by RAPD analysis [57] . The codominant nature of SSR markers also permits the detection of high number of alleles per locus and contributes to higher levels of expected heterozygosities being reached than what would be possible with dominant markers.
Conclusions
In this research, SSR marker technology has been used to increase the number of available molecular markers that are suitable for the molecular characterization, and the investigation of phylogenic relationships among Saudi date palm germplasm. The development of 93 SSRs together with their characterization will facilitate mapping studies and integration of date palm maps. The markers developed herein will be a valuable resource for breeding, genetic, diversity, and genomic studies of date palm germplasm.
